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FIG. 6
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1
NEUROMORPHIC SIGNAL PROCESSING
DEVICE AND METHOD FOR LOCATING
SOUND SOURCE USING A PLURALITY OF
NEURON CIRCUITS

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority from Korean Patent Appli-
cation No. 10-2012-0061608, filed on Jun. 8, 2012, in the
Korean Intellectual Property Office, the disclosure of which is
incorporated herein by reference in its entirety for all pur-
poses.

BACKGROUND

1. Field

The following description relates to a neuromorphic signal
processing device and method that may locate a sound source
using a plurality of neuron circuits.

2. Description of the Related Art

A human may detect a direction of a sound using a differ-
ence in times at which the sound arrives at both ears. Digital
audio signal processing is used in most technologies currently
being used for robots or security cameras.

For example, in order to measure a time difference of a
sound detected using a plurality of microphone arrays, a
Fourier transform may be performed on the detected sound
and phase components in multiple frequency bands may be
extracted.

In such a method, an analog-to-digital converter which
performs digital conversion and a processor for processing
the Fourier transform, as well as other types of components,
may be used.

SUMMARY

According to exemplary embodiments, there is provided a
neuromorphic signal processing device for locating a sound
source using a plurality of neuron circuits, the device includ-
ing a detector configured to output a detected spiking signal
using a detection neuron circuit corresponding to a predeter-
mined time difference, in response to a first signal and a
second signal containing an identical input spiking signal
with respect to the predetermined time difference, for each of
a plurality of predetermined frequency bands, a multiplexor
configured to output a multiplexed spiking signal correspond-
ing to the predetermined time difference based on a plurality
of the detected spiking signals output from a plurality of
neuron circuits corresponding to the plurality of frequency
bands, and an integrator configured to output an integrated
spiking signal corresponding to the predetermined time dif-
ference, based on a plurality of the multiplexed spiking sig-
nals corresponding to a plurality of predetermined time dif-
ferences. The predetermined time difference may correspond
to one of the plurality of predetermined time differences.

The first signal and the second signal may be generated
simultaneously from an identical sound source.

The device may further include an input unit configured to
receive the first signal and the second signal, to generate a
plurality of input spiking signals corresponding to the plural-
ity of frequency bands based on the first signal, and to gen-
erate another plurality of input spiking signals corresponding
to the plurality of frequency bands based on the second signal.

The detection neuron circuit may include a delay neuron
circuit configured to delay an input spiking signal included in
the first signal to thereby delay the first signal for a time
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period corresponding to the predetermined time difference,
and a coincidence detection neuron circuit configured to out-
put the detected spiking signal when the delayed first signal
and the second signal contain the identical input spiking
signal at an identical point in time.

The multiplexor may output the multiplexed spiking signal
using a multiplexing neuron circuit corresponding to the pre-
determined time difference.

The integrator may output the integrated spiking signal
using an integration neuron circuit corresponding to the pre-
determined time difference.

The integrator may receive the multiplexed spiking signal
corresponding to the predetermined time difference through
an excitatory synapse, and receive multiplexed spiking sig-
nals corresponding to time differences other than the prede-
termined time difference through an inhibitory synapse in
order to output the integrated spiking signal corresponding to
the predetermined time difference.

The integrator may be connected, through the inhibitory
synapse, more strongly to a multiplexed spiking signal cor-
responding to a time difference which is relatively distant
from the predetermined time difference as compared to a
multiplexed spiking signal corresponding to a time difference
which s relatively close to the predetermined time difference,
among the time differences other than the predetermined time
difference.

Each of a plurality of the integrated spiking signals corre-
sponding to the plurality of time differences may be mapped
to a direction of the sound source.

The plurality of frequency bands may correspond to fre-
quency bands within an audible frequency band.

Each of the plurality of neuron circuits may include a
neuron circuit using a leaky integrate-and-fire (LIF) model.

According to other exemplary embodiments, there is also
provided a neuromorphic signal processing method of locat-
ing a sound source using a plurality of neuron circuits, the
method including outputting a detected spiking signal using a
detection neuron circuit corresponding to a predetermined
time difference, in response to a first signal and a second
signal containing an identical input spiking signal with
respect to the predetermined time difference, for each of a
plurality of predetermined frequency bands, outputting a
multiplexed spiking signal corresponding to the predeter-
mined time difference, using a multiplexing neuron circuit
corresponding to the predetermined time difference, based on
a plurality of the detected spiking signals output from a plu-
rality of neuron circuits corresponding to the plurality of
frequency bands, and outputting an integrated spiking signal
using an integration neuron circuit corresponding to the pre-
determined time difference, based on a plurality of the mul-
tiplexed spiking signals corresponding to a plurality of pre-
determined time differences. The predetermined time
difference may correspond to one of the plurality of prede-
termined time differences.

The outputting of the integrated spiking signal may include
outputting the integrated spiking signal corresponding to the
predetermined time difference using a synapse scheme of
receiving a multiplexed spiking signal corresponding to the
predetermined time difference through an excitatory synapse,
and receiving multiplexed spiking signals corresponding to
time differences other than the predetermined time difference
through an inhibitory synapse.

The outputting of the integrated spiking signal may include
using the synapse scheme of connecting, through the inhibi-
tory synapse, an integrator more strongly to a multiplexed
spiking signal corresponding to a time difference which is
relatively distant from the predetermined time difference as
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compared to a multiplexed spiking signal corresponding to a
time difference which is relatively close to the predetermined
time difference, among the time differences other than the
predetermined time difference.

Other features and aspects will be apparent from the fol-
lowing detailed description, the drawings, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram illustrating a neuromorphic sig-
nal processing device for locating a sound source using a
plurality of neuron circuits according to exemplary embodi-
ments;

FIG. 2 is a block diagram illustrating a neuromorphic sig-
nal processing device for locating a sound source using a
plurality of neuron circuits according to other exemplary
embodiments;

FIG. 3 is a diagram illustrating a neuron circuit included in
a neuromorphic signal processing device according to exem-
plary embodiments;

FIG. 4 is a graph illustrating an operational characteristic
of a delay neuron circuit according to exemplary embodi-
ments;

FIG. 5 is a graph illustrating an operational characteristic
of a coincidence detection neuron circuit according to exem-
plary embodiments; and

FIGS. 6 and 7 are graphs illustrating a detected spiking
signal output by a coincidence detection neuron circuit
according to exemplary embodiments.

Throughout the drawings and the detailed description,
unless otherwise described, the same drawing reference
numerals will be understood to refer to the same elements,
features, and structures. The relative size and depiction of
these elements may be exaggerated for clarity, illustration,
and convenience.

DETAILED DESCRIPTION

The following detailed description is provided to assist the
reader in gaining a comprehensive understanding of the meth-
ods, apparatuses, and/or systems described herein. Accord-
ingly, various changes, modifications, and equivalents of the
methods, apparatuses, and/or systems described herein will
be suggested to those of ordinary skill in the art. The progres-
sion of processing steps and/or operations described is an
example; however, the sequence of and/or operations is not
limited to that set forth herein and may be changed as is
known in the art, with the exception of steps and/or operations
necessarily occurring in a particular order. In addition,
respective descriptions of well-known functions and con-
structions may be omitted for increased clarity and concise-
ness.

FIG. 1 is a block diagram illustrating a neuromorphic sig-
nal processing device for locating a sound source using a
plurality of neuron circuits according to exemplary embodi-
ments.

Referring to FIG. 1, the neuromorphic signal processing
device may include a detector 110, a multiplexing unit 120
(e.g., multiplexor), and an integration unit 130 (e.g., integra-
tor).

According to exemplary embodiments, the neuromorphic
signal processing device is a device using a very-large-scale
integration (VLSI) circuit including an analog circuit which
imitates a neurobiological structure, and may include, for
example, a leaky-integrate-fire (LIF) neuron circuit which
imitates a neuron using an action potential in a neurobiologi-
cal structure, and the like.
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The detector 110 may receive an input of a spiking signal
115 included in a first signal and a spiking signal 116 included
in a second signal. Here, the first signal and the second signal
may refer to signals generated simultaneously from an iden-
tical sound source. For example, the first signal may corre-
spond to a signal input by a microphone corresponding to a
left ear, and the second signal may correspond to a signal
input by a microphone corresponding to a right ear.

According to exemplary embodiments, a spiking signal
may refer to a signal imitating a membrane potential which
activates cells in a neurobiological structure. For example,
when a signal in a predetermined frequency band is included
in a received audio signal, the spiking signal may include a
signal having a form of a spike output by a neuron circuit
corresponding to the predetermined frequency band, and the
like.

In this instance, the detector 110 may output a detected
spiking signal using a coincidence detection neuron circuit
corresponding to a predetermined time difference in response
to determining that the first signal and the second signal
contain an identical input spiking signal with respect to the
predetermined time difference, in each of a plurality of pre-
determined frequency bands. Hereinafter, according to exem-
plary embodiments, the plurality of predetermined frequency
bands may include sixty-four channels belonging to an
audible frequency band. In addition, it would be understood
by those skilled in the art that an example of identical input
spiking signals may include an example of input spiking
signals substantially identical in terms of intensity or wave-
form, and the like.

In particular, the detector 110 may include a delay neuron
circuit 111 to delay the input spiking signal 115 included in
the first signal for a time period corresponding to a first time
difference, for example, 2.5 microseconds (us), and a delay
neuron circuit 113 to delay the input spiking signal 115
included in the first signal for a time period corresponding to
a second time difference, for example, 500 ps, for each of the
plurality of predetermined frequency bands.

In addition, the detector 110 may include a coincidence
detection neuron circuit 112 to output the detected spiking
signal when the first signal delayed by the delay neuron
circuit 111 and the second signal contain the identical input
spiking signal at an identical point in time, and a coincidence
detection neuron circuit 114 to output the detected spiking
signal when the first signal delayed by the delay neuron
circuit 113 and the second signal contain the identical input
spiking signal at an identical point in time, for each of the
plurality of predetermined frequency bands.

For example, the coincidence detection neuron circuit 112
may output the detected spiking signal when the input spiking
signal included in the first signal delayed by the delay neuron
circuit 111 and the input spiking signal included in the second
signal are input simultaneously. Similarly, the coincidence
detection neuron circuit 114 may output the detected spiking
signal when the input spiking signal included in the first
signal delayed by the delay neuron circuit 113 and the input
spiking signal included in the second signal are input simul-
taneously.

In particular, the detector 110 may detect a time difference
between a time at which the input spiking signal included in
the first signal is input and a time at which the input spiking
signal included in the second signal is input, for each of the
plurality of predetermined frequency bands.

According to other exemplary embodiments, the detector
110 may be configured such that a plurality of delay neuron
circuits are connected, in a chain, the plurality of delay neuron
circuits being configured to delay a signal for a time period
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corresponding to the predetermined time difference, for
example, 2.5 ps, and tap an output of each delay neuron
circuit, thereby utilizing a delayed signal for a desired time
period. Such a structure will be described in detail with ref-
erence to FIG. 2.

From the description provided above, it would be under-
stood by those skilled in the art that the exemplary embodi-
ments can be readily modified so as to use a portion of a
plurality of delay neurons included in the detector 110 to
delay the first signal, and to use remaining delay neurons to
delay the second signal. For example, in order to detect time
differences between the first signal and the second signal in
5-us units in a range of =500 us to +500 ps, for each of the
plurality of predetermined frequency bands, one hundred
delay neurons may be used to delay the first signal, and the
other hundred delay neurons may be used to delay the second
signal. According to exemplary embodiments, the term
“detection neuron circuit” may refer to a combination of a
delay neuron circuit and a coincidence detection neuron cir-
cuit.

The multiplexing unit 120 may receive an input of a plu-
rality of detected spiking signals output from the detector
110.

According to exemplary embodiments, the multiplexing
unit 120 may output a multiplexed spiking signal correspond-
ing to the predetermined time difference, based on the plural-
ity of detected spiking signals received from the detector 110.
In particular, the multiplexing unit 120 may include a plural-
ity of multiplexing neuron circuits corresponding to the plu-
rality of predetermined time differences.

For example, a multiplexing neuron circuit 121 may cor-
respond to a neuron circuit corresponding to the first time
difference, forexample, 2.5 us. As described above, the detec-
tor 110 may output the plurality of detected spiking signals
using neuron circuits corresponding to the first time differ-
ence, for example, 2.5 us, for the plurality of predetermined
frequency bands.

The multiplexing neuron circuit 121 may generate a single
multiplexed spiking signal based on the plurality of detected
spiking signals corresponding to the first time difference, for
example, 2.5 us, and output the generated multiplexed spik-
ing signal.

Similarly, a multiplexing neuron circuit 122 may corre-
spond to a neuron circuit corresponding to the second time
difference, for example, 500 ps. As described above, the
detector 110 may output the plurality of detected spiking
signals, using neuron circuits corresponding to the second
time difference, for example, 500 us, for the plurality of
predetermined frequency bands.

The multiplexing neuron circuit 122 may generate a single
multiplexed spiking signal based on the plurality of detected
spiking signals corresponding to the second time difference,
for example, 500 ps, and output the generated multiplexed
spiking signal.

In particular, the multiplexing unit 120 may receive an
MxN number of detected spiking signals output in an M
number of frequency bands and with respect to an N number
of time differences, respectively. The multiplexing unit 120
may combine the received MxN number of detected spiking
signals based on signals corresponding to an identical time
difference, thereby generating an N number of multiplexed
spiking signals. The multiplexing unit 120 may perform such
multiplexing, using an N number of multiplexing neuron
circuits.

The integration unit 130 may receive an input of a plurality
of multiplexed spiking signals output from the multiplexing
unit 120.
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According to exemplary embodiments, the integration unit
130 may output an integrated spiking signal corresponding to
the predetermined time difference, based on the plurality of
multiplexed spiking signals corresponding to the plurality of
predetermined time differences.

According to exemplary embodiments, each of the plural-
ity of integrated spiking signals corresponding to the plurality
of predetermined time differences may be mapped to a direc-
tion of the sound source. In particular, when an integrated
spiking signal corresponding to the predetermined time dif-
ference is output, the neuromorphic signal processing device
may estimate that the first signal and the second signal are
generated from the direction of the sound source to which the
corresponding integrated spiking signal is mapped.

In particular, the integration unit 130 may include a plural-
ity of integration neuron circuits corresponding to the plural-
ity of predetermined time differences. For example, an inte-
gration neuron circuit 131 may correspond to a neuron circuit
corresponding to the first time difference, for example, 2.5 ys.

The integration neuron circuit 131 may receive the multi-
plexed spiking signal output from the multiplexing neuron
circuit 121 corresponding to the first time difference, for
example, 2.5 ps, and the multiplexed spiking signal output
from the multiplexing neuron circuit 122 corresponding to
the second time difference, for example, 500 us.

In this instance, the integration neuron circuit 131 may be
connected to the multiplexing neuron circuit 121 through an
excitatory synapse and receive the multiplexed spiking signal
output from the multiplexing neuron circuit 121 through the
excitatory synapse, and be connected to remaining multiplex-
ing neuron circuits other than the multiplexing neuron circuit
121 through respective inhibitory synapses and receive mul-
tiplexed spiking signals output from the remaining multiplex-
ing neuron circuits through the respective inhibitory syn-
apses.

According to exemplary embodiments, the integration
neuron circuit 131 may process the multiplexed spiking sig-
nal connected through the excitatory synapse as a positive (+)
value, and process the plurality of multiplexed spiking signals
connected through the inhibitory synapse as a negative (-)
value.

Inparticular, the integration neuron circuit 131 may deduct
the plurality of multiplexed spiking signals connected
through the inhibitory synapse from the multiplexed spiking
signal connected through the excitatory synapse, thereby gen-
erating the integrated spiking signal corresponding to the first
time difference, for example, 2.5 ps.

The integration neuron circuit 131 may output an inte-
grated spiking signal 133 corresponding to the first time dif-
ference, for example, 2.5 us, when a value obtained by
deducting a sum of intensities of the plurality of multiplexed
spiking signals connected through the inhibitory synapse
from an intensity of the multiplexed spiking signal connected
through the excitatory synapse is greater than a spiking
threshold voltage of the integration neuron circuit 131.

Conversely, when the value obtained by deducting the sum
of intensities of the plurality of multiplexed spiking signals
connected through the inhibitory synapse from the intensity
of'the multiplexed spiking signal connected through the exci-
tatory synapse is less than the spiking threshold voltage of the
integration neuron circuit 131, an integrated spiking signal
may not be output by the integration neuron circuit 131.

It would be understood by those skilled in the art that a case
of the integration neuron circuit 131 not outputting the inte-
grated spiking signal may be identical to a case of a signal
output from the integration neuron circuit 131 substantially
having a value of “0”.
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In addition, the integration neuron circuit 131 may adap-
tively adjust a connection strength of the inhibitory synapse.
In particular, the integration neuron circuit 131 may apply
difference weights to the plurality of multiplexed spiking
signals connected through the inhibitory synapse.

For example, among time differences other than the first
time difference, a multiplexed spiking signal corresponding
to a time difference relatively distant from the first time dif-
ference may have a greater connection strength when com-
pared to a multiplexed spiking signal corresponding to a time
difference relatively closer to the first time difference.

For example, a distance between the first time difference,
for example, 2.5 ps, and the second time difference, for
example, 500 ps, may be longer than a distance between the
first time difference, for example, 2.5 ps, and a third time
difference, for example, 10 ps.

In particular, the integration neuron circuit 131 may
decrease a connection strength of the inhibitory synapse with
respect to a multiplexed spiking signal corresponding to the
third time difference, for example, 10 ps, which is relatively
close in value to the first time difference, for example, 2.5 ys,
and increase the connection strength of the inhibitory synapse
with respect to a multiplexed spiking signal corresponding to
the second time difference, for example, 500 ps, which is
relatively distant in value from the first time difference, for
example, 2.5 ys.

The integration neuron circuit 131 may apply a relatively
great weight to a multiplexed spiking signal connected
through an inhibitory synapse of which a connection strength
is relatively great. Accordingly, the integration neuron circuit
131 may increase areliability of spiking signals detected in an
area in which time differences are similar, and decrease a
reliability of spiking signals detected in an area in which time
differences are significantly different.

An integration neuron circuit 132 may receive the multi-
plexed spiking signal output from the multiplexing neuron
circuit 122 through the excitatory synapse, and receive mul-
tiplexed spiking signals output from remaining multiplexing
neuron circuits other than the multiplexing neuron circuit 122
through the inhibitory synapse.

Similarly, the integration neuron circuit 132 may output an
integrated spiking signal 134 corresponding to the second
time difference, for example, 500 ps, when a value obtained
by deducting a sum of intensities of the plurality of multi-
plexed spiking signals connected through the inhibitory syn-
apse from an intensity of the multiplexed spiking signal con-
nected through the excitatory synapse is greater than a spiking
threshold voltage of the integration neuron circuit 132.

As described above, the neuromorphic signal processing
device may provide signal processing technology using neu-
ron circuits corresponding to analog circuits imitating a neu-
robiological structure in order to locate a sound source.

Accordingly, exemplary embodiments make it possible to
implement a signal processing device for locating a sound
source using a much fewer number of transistors, when com-
pared to a case of a digital circuit being used. As a result, the
neuromorphic signal processing device may operate with a
low power, for example, a power below tens of milliwatts
(mW). In addition, the neuromorphic signal processing
device according to exemplary embodiments may operate at
a high speed, for example, a response speed below sub-mil-
lisecond, when compared to a case of a digital circuit being
used.

FIG. 2 is a block diagram illustrating a neuromorphic sig-
nal processing device for locating a sound source using a
plurality of neuron circuits according to other exemplary
embodiments.
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Referring to FIG. 2, the neuromorphic signal processing
device may further include an input unit, in addition to the
detector, the multiplexing unit, and the integration unit
described with reference to FIG. 1.

The input unit may include a first silicon cochlea 210 to
receive a first signal and to generate a plurality of input
spiking signals corresponding to a plurality of frequency
bands based on the first signal, and a second silicon cochlea
220 to receive a second signal and to generate a plurality of
input spiking signals corresponding to a plurality of fre-
quency bands based on the second signal.

According to exemplary embodiments, the silicon cochlea
may be a device which imitates a cochlea in an ear of a human.
The silicon cochlea may include, for example, a neuromor-
phic circuit designed to output input spiking signals for each
frequency component included in a sound source when the
corresponding sound source is sensed.

It would be understood by those skilled in the art that a
configuration including at least three silicon cochleae may be
readily derived from a configuration including two silicon
cochleae.

A plurality of frequency channels, for example, 256 chan-
nels, may be implemented in each of the first silicon cochlea
210 and the second silicon cochlea 220. According to exem-
plary embodiments, the plurality of frequency channels may
correspond to different frequency bands, respectively, in an
audible frequency band.

When a sound source is sensed by the first silicon cochlea
210 and the second silicon cochlea 220, the first silicon
cochlea 210 and the second silicon cochlea 220 may output
input spiking signals at different times, respectively, based on
a direction of the sound source.

In order to measure a difference between the times, a delay
neuron circuit 230, a coincidence detection neuron circuit
240, a multiplexing neuron circuit 250, and an integration
neuron circuit 260 may be used. The description provided
with reference to FIG. 1 may be applied identically to the
delay neuron circuit 230, the coincidence detection neuron
circuit 240, the multiplexing neuron circuit 250, and the inte-
gration neuron circuit 260. Alternatively, one or more of the
delay neuron circuit 230, the coincidence detection neuron
circuit 240, the multiplexing neuron circuit 250, and the inte-
gration neuron circuit 260 may be implemented in a different
fashion from the corresponding components described in
FIG. 1

Concisely, each of the delay neuron circuit 230, the coin-
cidence detection neuron circuit 240, the multiplexing neuron
circuit 250, and the integration neuron circuit 260 may be
implemented by LIF neuron circuits.

The delay neuron circuit 230 may uniformly delay input
spiking signals output by a silicon cochlea. For example, in
order to measure a time difference of about 500 ps, a total of
200 delay neuron circuits corresponding to 2.5 pus may be
implemented for each channel.

The coincidence detection neuron circuit 240 may detect a
time difference corresponding to the input spiking signals
delayed by the delay neuron circuit 230. For example, in order
to measure a time difference of about 500 pus at 2.5-us inter-
vals, 200 coincidence detection neuron circuits may be imple-
mented for each channel.

The multiplexing neuron circuit 250 may receive an input
of detected spiking signals output from the coincidence
detection neuron circuit 240. The multiplexing neuron circuit
250 may combine detected spiking signals corresponding to
each time difference into a single multiplexed spiking signal.
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For example, in order to measure a time difference of about
500 ps at 2.5-us intervals, a total of 200 multiplexing neuron
circuits may be implemented.

The integration neuron circuit 260 may receive an input of
multiplexed spiking signals output from the multiplexing
neuron circuit 250. The integration neuron circuit 260 may be
connected to the multiplexing neuron circuit 250 of an iden-
tical index through an excitatory synapse, and be connected to
multiplexing neuron circuits of different indices through an
inhibitory synapse. For example, in order to measure a time
difference of about 500 s at 2.5-us intervals, a total of 200
integration neuron circuits may be implemented.

In this instance, each of the plurality of integration neuron
circuits may be mapped to a direction angle of the sound
source.

FIG. 3 is a diagram illustrating a neuron circuit included in
a neuromorphic signal processing device according to exem-
plary embodiments.

Referring to FIG. 3, the neuron circuit may be imple-
mented by an LIF neuron circuit.

The neuron circuit may operate similarly to a neuron using
an action potential in a neurobiological structure.

In particular, the neuron circuit may be controlled by a
transistor M1 310. When the transistor M1 310 is turned ON,
a current [,,; may flow through the transistor M1 310.

In this instance, a current I, , may be leaked to a ground
GND, and a current I,, -1, . may be accumulated as an
electric charge of a membrane capacitor. As the electric
charge is accumulated in the membrane capacitor, a mem-
brane voltage V,,,.,,, may increase. When the membrane volt-
age V.., is greater than a threshold voltage V,,, the neuron
circuit may output a signal.

In this instance, a transistor connected to a reset voltage
V.o by the output signal may be turned ON, and the charge
accumulated in the membrane capacitor may be reset to the
reset voltage V...

The neuron circuit may be controlled by a single transistor,
for example, the transistor M1 310 and thus, a synapse time
constant of a us unit may be obtained. Accordingly, the neu-
ron circuit according to exemplary embodiments may achieve
a fast operating speed.

In addition, the neuron circuit according to exemplary
embodiments may change a capacity C,,.,,, 320 of the mem-
brane capacitor, thereby adjusting a membrane time constant.
For example, when a membrane capacitor having a capacity
below a few nanofarads (nF) is used, a membrane time con-
stant of a us unit may be obtained.

FIG. 4 is a graph illustrating an operational characteristic
of a delay neuron circuit according to exemplary embodi-
ments.

Referring to FIG. 4, the delay neuron circuit may set a
threshold voltage V,, 330 of FIG. 3 to 18 millivolts (mV)
when a membrane time constant corresponds to 2 us, thereby
obtaining a delay time of about 5 ps.

Accordingly, it would be understood by those skilled in the
art that a delay time of the delay neuron circuit may be
adjusted arbitrarily by adjusting a value of a threshold volt-
age.

FIG. 5 is a graph illustrating an operational characteristic
of a coincidence detection neuron circuit according to exem-
plary embodiments.

Referring to FIG. 5, the coincidence detection neuron cir-
cuit may output a membrane potential decreasing based on a
time difference when the corresponding time difference is
present between currents generated by two input spiking sig-
nals.
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Accordingly, the coincidence detection neuron circuit may
change a threshold voltage to adjust a detection resolution.

For example, the threshold voltage of the coincidence
detection neuron circuit may be set to —=50 mV. In this
instance, when the time difference between the two input
spiking signals is less than or equal to 5 ps, the coincidence
detection neuron circuit may perform a coincidence detection
operation.

FIGS. 6 and 7 are graphs illustrating a detected spiking
signal output by a coincidence detection neuron circuit
according to exemplary embodiments.

FIG. 6 shows an output of a coincidence detection neuron
circuit corresponding to a channel 136, for example, 910 hertz
(Hz). For example, when a direction of a sound source is
moved from left to right, an index of the coincidence detec-
tion neuron circuit which outputs a detected spiking signal
may be changed.

FIG. 7 shows a distribution of a coincidence detected spik-
ing signal measured in each frequency band. In each fre-
quency band, coincidence detection neuron circuits of indices
60 to 140 may output coincidence detected spiking signals. A
strongest detected spiking signal may be measured at an index
90, of a frequency band 7.

In particular, referring to FIG. 7, all sound sources corre-
sponding to frequency bands 1 to 7 may be included in each
ofafirst signal and a second signal. Among the sound sources,
a sound source corresponding to the frequency band 7 may be
included the most in each of the first signal and the second
signal.

Further, the first signal and the second signal may be
received, respectively, at times having a difference which
corresponds to indices 60 to 140.

As described above, a multiplexing neuron circuit accord-
ing to exemplary embodiments may generate a multiplexed
spiking signal by combining detected spiking signals of a
plurality of frequency bands, in each coincidence detection
neuron index. For example, a multiplexing neuron circuit of
the indices 60 to 140 may generate a multiplexed spiking
signal having a value other than “0”.

An integration neuron circuit according to exemplary
embodiments may be connected to a multiplexing neuron
circuit of an identical index through an excitatory synapse,
and be connected to multiplexing neuron circuits of different
indices through an inhibitory synapse. A connection strength
of'the inhibitory synapse may be adaptively adjusted based on
a difference in an index number.

For example, since a multiplexing neuron circuit of the
index 90 may output a strongest multiplexed spiking signal,
an integration neuron circuit of the index 90 may output an
integrated spiking signal having a value other than “0”.

An integration neuron circuit of an index 130 may receive
an input of a multiplexed spiking signal from a multiplexing
neuron circuit of the index 130. However, since the integra-
tion neuron circuit of the index 130 may be connected to the
multiplexing neuron circuit of the index 90 through the
inhibitory synapse, the integration neuron circuit of the index
130 may not output an integrated spiking signal.

Accordingly, the neuromorphic signal processing device
according to exemplary embodiments may estimate that a
sound source occurs at a direction angle mapped to the inte-
gration neuron circuit of the index 90.

The above-described exemplary embodiments may be
recorded in non-transitory computer-readable media includ-
ing program instructions to implement various operations
embodied by a computer. The media may also include, alone
or in combination with the program instructions, data files,
data structures, and the like. Examples of non-transitory com-
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puter-readable media include magnetic media such as hard
disks, floppy disks, and magnetic tape; optical media such as
CD ROM discs and DVDs; magneto-optical media such as
optical discs; and hardware devices that are specially config-
ured to store and perform program instructions, such as read-
only memory (ROM), random access memory (RAM), flash
memory, and the like. Examples of program instructions
include both machine code, such as code produced by a
compiler, and files containing higher level code that may be
executed by the computer using an interpreter. The described
hardware devices may be configured to act as one or more
software modules in order to perform the operations of the
above-described exemplary embodiments, or vice versa.

A number of exemplary embodiments have been described
above. Nevertheless, it should be understood that various
modifications may be made. For example, suitable results
may be achieved if the described techniques are performed in
a different order and/or if components in a described system,
architecture, device, or circuit are combined in a different
manner and/or replaced or supplemented by other compo-
nents or their equivalents. Accordingly, other implementa-
tions are within the scope of the following claims.

What is claimed is:

1. A neuromorphic signal processing device for locating a
sound source using a plurality of neuron circuits, the device
comprising:

a detector configured to output a detected spiking signal
using a detection neuron circuit corresponding to a pre-
determined time difference, in response to a first signal
and a second signal containing an identical input spiking
signal with respect to the predetermined time difference,
for each of a plurality of predetermined frequency
bands;

a multiplexor configured to output a multiplexed spiking
signal corresponding to the predetermined time differ-
ence based on a plurality of the detected spiking signals
output from a plurality of neuron circuits corresponding
to the plurality of frequency bands; and

an integrator configured to output an integrated spiking
signal corresponding to the predetermined time differ-
ence, based on a plurality of the multiplexed spiking
signals corresponding to a plurality of predetermined
time differences,

wherein the predetermined time difference corresponds to
one of the plurality of predetermined time differences.

2. The device of claim 1, wherein the first signal and the
second signal are generated simultaneously from an identical
sound source.

3. The device of claim 1, further comprising:

an input unit configured to receive the first signal and the
second signal, to generate a plurality of input spiking
signals corresponding to the plurality of frequency
bands based on the first signal, and to generate another
plurality of input spiking signals corresponding to the
plurality of frequency bands based on the second signal.

4. The device of claim 1, wherein the detection neuron
circuit comprises:

a delay neuron circuit configured to delay an input spiking
signal included in the first signal to thereby delay the first
signal for a time period corresponding to the predeter-
mined time difference; and

a coincidence detection neuron circuit configured to output
the detected spiking signal when the delayed first signal
and the second signal contain the identical input spiking
signal at an identical point in time.
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5. The device of claim 1, wherein the multiplexor outputs
the multiplexed spiking signal using a multiplexing neuron
circuit corresponding to the predetermined time difference.
6. The device of claim 1, wherein the integrator outputs the
integrated spiking signal using an integration neuron circuit
corresponding to the predetermined time difference.
7. The device of claim 1, wherein the integrator receives the
multiplexed spiking signal corresponding to the predeter-
mined time difference through an excitatory synapse, and
receives multiplexed spiking signals corresponding to time
differences other than the predetermined time difference
through an inhibitory synapse in order to output the integrated
spiking signal corresponding to the predetermined time dif-
ference.
8. The device of claim 7, wherein the integrator is con-
nected, through the inhibitory synapse, more strongly to a
multiplexed spiking signal corresponding to a time difference
which is relatively distant from the predetermined time dif-
ference as compared to a multiplexed spiking signal corre-
sponding to a time difference which is relatively close to the
predetermined time difference, among the time differences
other than the predetermined time difference.
9. The device of claim 1, wherein each of a plurality of the
integrated spiking signals corresponding to the plurality of
time differences is mapped to a direction of the sound source.
10. The device of claim 1, wherein the plurality of fre-
quency bands corresponds to frequency bands within an
audible frequency band.
11. The device of claim 1, wherein each of the plurality of
neuron circuits comprises a neuron circuit using a leaky inte-
grate-and-fire (LIF) model.
12. A neuromorphic signal processing method of locating a
sound source using a plurality of neuron circuits, the method
comprising:
outputting a detected spiking signal using a detection neu-
ron circuit corresponding to a predetermined time dif-
ference, in response to a first signal and a second signal
containing an identical input spiking signal with respect
to the predetermined time difference, for each of a plu-
rality of predetermined frequency bands;
outputting a multiplexed spiking signal corresponding to
the predetermined time difference, using a multiplexing
neuron circuit corresponding to the predetermined time
difference, based on a plurality of the detected spiking
signals output from a plurality of neuron circuits corre-
sponding to the plurality of frequency bands; and

outputting an integrated spiking signal using an integration
neuron circuit corresponding to the predetermined time
difference, based on a plurality of the multiplexed spik-
ing signals corresponding to a plurality of predeter-
mined time differences,

wherein the predetermined time difference corresponds to

one of the plurality of predetermined time differences.

13. The method of claim 12, wherein the outputting of the
integrated spiking signal comprises outputting the integrated
spiking signal corresponding to the predetermined time dif-
ference using a synapse scheme of receiving a multiplexed
spiking signal corresponding to the predetermined time dif-
ference through an excitatory synapse, and receiving multi-
plexed spiking signals corresponding to time differences
other than the predetermined time difference through an
inhibitory synapse,

wherein the outputting of the integrated spiking signal

comprises using the synapse scheme of connecting,
through the inhibitory synapse, an integrator more
strongly to a multiplexed spiking signal corresponding
to a time difference which is relatively distant from the
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predetermined time difference as compared to a multi-
plexed spiking signal corresponding to a time difference
which is relatively close to the predetermined time dif-
ference, among the time differences other than the pre-
determined time difference.

14. A signal processing device, comprising:

a plurality of multiplexing neuron circuits configured to
respectively output a multiplexed spiking signal based
on a plurality of spiking signals; and

a plurality of integration neuron circuits configured to
respectively output an integrated spiking signal based on
a plurality of the multiplexed spiking signals,

wherein the integration neuron circuits are connected to the
multiplexing neuron circuits via synapses which vary in
type and connection strength.

15. The signal processing device according to claim 14,
further comprising: a plurality of detection neuron circuits
which receive an input signal, respectively delay the input
signal by a predetermined time delay, and respectively output
the delayed signal as one of the plurality of spiking signals.

16. The signal processing device according to claim 15,
wherein each of the plurality of spiking signals corresponds
to a respective index, and

each index respectively corresponds to one of the multi-
plexing neuron circuits and one of the integration neuron
circuits.

10

15

20

25

14

17. The signal processing device according to claim 16,
wherein each integration neuron circuit is connected to a
multiplexing neuron circuit of the same index via an excita-
tory synapse, and is connected to other multiplexing neuron
circuits of different indices via inhibitory synapses.

18. The signal processing device according to claim 17,
wherein, for each integration neuron circuit connected to a
multiplexing neuron circuit via an inhibitory synapse, a con-
nection strength of the inhibitory synapse varies based on a
difference in index numbers between the integration neuron
circuit and the multiplexing neuron circuit,

wherein the connection strength increases as the difference

in index numbers increases.

19. The signal processing device according to claim 15,
further comprising an input unit configured to receive the
input signal, wherein the input unit comprises a first silicon
cochlea configured to receive a first signal and to generate a
plurality of the spiking signals corresponding to a plurality of
frequency bands based on the first signal, and a second silicon
cochlea configured to receive a second signal and to generate
a plurality of the spiking signals corresponding to a plurality
of frequency bands based on the second signal.

20. The signal processing device according to claim 14,
wherein each of the multiplexing neuron circuits is config-
ured to respectively output a multiplexed spiking signal for a
plurality of frequency bands.

#* #* #* #* #*



